Targeted anticancer therapies rely on the identification of patient subgroups most likely to respond to treatment. Predictive biomarkers play a key role in patient selection, while diagnostic and prognostic biomarkers expand our understanding of tumor biology, suggest treatment combinations, and facilitate discovery of novel drug targets. We have developed a highthroughput microfluidics method for mutation detection (MUT-MAP, mutation multi-analyte panel) based on TaqMan or allele-specific PCR (AS-PCR) assays. We analyzed a set of 71 mutations across six genes of therapeutic interest. The six-gene mutation panel was designed to detect the most common mutations in the EGFR, KRAS, PIK3CA, NRAS, BRAF, and AKT1 oncogenes. The DNA was preamplified using custom-designed primer sets before the TaqMan/AS-PCR assays were carried out using the Biomark microfluidics system (Fluidigm; South San Francisco, CA). A cross-reactivity analysis enabled the generation of a robust automated mutation-calling algorithm which was then validated in a series of 51 cell lines and 33 FFPE clinical samples. All detected mutations were confirmed by other means. Sample input titrations confirmed the assay sensitivity with as little as 2 ng gDNA, and demonstrated excellent inter-and intra-chip reproducibility. Parallel analysis of 92 clinical trial samples was carried out using 2-100 ng genomic DNA (gDNA), allowing the simultaneous detection of multiple mutations. DNA prepared from both fresh frozen and formalin-fixed, paraffin-embedded (FFPE) samples were used, and the analysis was routinely completed in 2-3 days: traditional assays require 0.5-1 mg high-quality DNA, and take significantly longer to analyze. This assay can detect a wide range of mutations in therapeutically relevant genes from very small amounts of sample DNA. As such, the mutation assay developed is a valuable tool for high-throughput biomarker discovery and validation in personalized medicine and cancer drug development.
Introduction
Biomarkers have assumed a central role in oncology, enabling the detection, characterization, and targeted treatment of a range of cancer types [1] . The successful application of targeted anticancer therapies depends on the detection of disease subtypes that are most likely to respond to treatment. As such, the detection and validation of tumor biomarkers is critical for the ongoing development of personalized healthcare, both through the support of effective and robust drug trials, and the effective employment of targeted therapies in the clinic [2] .
Biomarkers are classified according to their utility: diagnostic biomarkers are indicators of biological status that allow classification of tumors according to their genetic and/or phenotypic characteristics. Predictive biomarkers allow the response to a particular line of treatment to be anticipated, based on the known mode of action of the chosen therapy and an understanding of the underlying tumor biology. Prognostic biomarkers enable the prediction of disease progression in the absence of treatment, and have been used to identify signaling pathways that are potential drivers of disease, and putative drug targets [3] .
Although techniques such as tissue microarray immunohistochemistry (IHC) and reverse-transcription polymerase chain reaction (RT-PCR) allow high-throughput screening of protein and mRNA biomarkers in clinical samples [4] , significant challenges remain. Biomarker levels vary across human populations, and significant heterogeneity may be observed within single cancer types, even within samples from a single tumor [5, 6] . This is exacerbated by the possibility that first-line chemotherapy may induce DNA damage in tumor cells, leading to changes in biomarker status; as biopsy samples are often obtained before firstline treatment, this may be an obstacle to the correct selection of subsequent targeted therapies, although the extent of this effect remains unclear [6] .
While some anticancer therapeutics are entering the clinic with companion diagnostic tests, a wider characterization of tumor gene expression and mutation status will enable targeted therapies to be combined for specific patient groups without multiple biopsy procedures. A deeper understanding of different tumor subtypes will help explain mechanisms of drug resistance and open up new channels of therapy and research. For this reason, ''biomarker pipelines'' play an important role in the development of molecular targeted therapies [7] . There are additional challenges associated with biomarker identification using clinical samples containing poor-quality or degraded DNA in limited quantities. Most clinical samples are formalin fixed and paraffin embedded (FFPE) for preservation and storage. While enabling samples to be archived for subsequent biomarker identification and comparison with patient outcomes, this method of preservation leads to nucleic acid fragmentation and cross-linking, so only a small proportion of sample DNA can be probed successfully [8] . Traditional methods of biomarker detection require 0.5-1 mg high-quality DNA and results may take a significant amount of time to analyze, particularly if samples are to be screened for multiple mutations.
We have developed a high-throughput method for mutation detection (MUT-MAP, mutation multi-analyte panel) based on TaqMan and allele-specific PCR (AS-PCR) assays using a microfluidic chip-based technology. This approach allows the rapid analysis of 71 mutations across a panel of six genes of therapeutic interest. Parallel analysis of 92 clinical trial samples can be carried out using miniscule amounts of DNA (2-100 ng, based on the quality of genomic DNA [gDNA] isolated), allowing the simultaneous detection of multiple mutations in a single sample. DNA can be isolated from both fresh frozen and FFPE samples, and the analysis is routinely completed in 2-3 days.
The six-gene panel mutation assay was designed to detect the most common mutations found in EGFR, KRAS, PIK3CA, NRAS, BRAF, and AKT1. Activating mutations in these genes cause aberrant cell signaling and are found in various types of cancer; their encoded proteins are therefore targets for therapeutic inhibition. For example, mutations in EGFR are linked with increased activation of the epidermal growth factor receptor (EGFR) signaling pathway, which drives tumor growth and promotes survival in several types of cancer [9] . The EGFR and KRAS mutation status is predictive of response to anti-EGFRtargeted therapies such as erlotinib, gefitinib [10] , and cetuximab [11] . Additionally, the BRAF inhibitor vemurafenib is only effective in patients with V600 mutation-positive melanoma [12, 13] , and the phosphoinositide-3-kinase (PI3K) inhibitor GDC-0941 is most effective in preclinical tumor models with PIK3CA mutations [14] .
Although next-generation parallel sequencing holds great promise for mutation detection across the whole genome, these technologies are not yet mature enough for routine, highthroughput analysis of precious clinical samples. Parallel sequencing generally requires larger quantities of DNA for analysis and takes longer to generate data in comparison with our approach. The MUT-MAP microfluidics system provides a readily available platform for the exploratory detection of predictive and prognostic biomarkers in support of current and future personalized healthcare.
Materials and Methods

Overview of the MUT-MAP Microfluidics System
Mutation screening with the MUT-MAP microfluidics system is a multi-stage process. First, DNA is preamplified using customdesigned primer sets for the exons/genes of interest. The BioMark platform (Fluidigm Corp.) is then used to conduct a combination of quantitative PCR (qPCR) mutation detection assays. We employ two assay formats for mutation detection: both formats utilize TaqMan detection of the amplified product [15] . In one format, which we refer to as TaqMan genotyping or, simply, TaqMan, the discrimination between mutant and wild-type is driven by a differentially-labeled mutant-and wild-type-specific probe [16] . In the other assay format, the discrimination is driven by a mutant-specific primer, or allele-specific PCR (AS-PCR [17, 18] ). The AS-PCR assays incorporate the use of an engineered Thermus species Z05 DNA polymerase (AS1) and, in some cases, covalently modified primers to enhance the specificity of allelespecific qPCR [19, 20] .
The AS-PCR assays were used for KRAS and EGFR mutation analysis, and have broader coverage of the predominant mutations in these two genes compared with some commercially available assays. An overview of the protocol and process flow is presented in figure 1 .
The BioMark protocol involves the introduction of premixed qPCR reagents and preamplified DNA onto the MUT-MAP assay chip via the sample inlets. Assay-specific TaqMan primer/probe mixes are normally added via assay ports. This protocol was modified due to the presence of primers and probes in the qPCR reagents for some reactions (EGFR Mutation Test; Roche Molecular Systems, Inc.
[RMS]; Pleasanton, CA). To ensure compatibility with the BioMark platform, these samples were introduced via the assay inlets, and both TaqMan and AS-PCR assay reagents were added via the sample inlets on the microfluidic chip. Data analysis was also modified to accommodate these changes.
DNA Preamplification
DNA was preamplified in 10 ml reactions on a 96-well plate using a preamplification primer cocktail (Table S1 ) in the presence of 1x ABI PreAmp Master Mix (Applied Biosystems; Foster City, CA). gDNA (2-10 ng) was isolated from cell lines and fresh frozen samples. However,due to the poor quality of DNA obtained from FFPE clinical samples, 50-100 ng was used for preamplification from this source. Primer concentrations were 100 nM during the amplification reaction. Each preamplification sample set included a gDNA control to determine preamplification performance as well as a no-template control. An additional positive control was made in bulk by preamplification of a cocktail of relevant mutant plasmids for all six genes; this control was run on every chip.
Samples were preamplified using a Tetrad Thermal Cycler (BioRad; Hercules, CA) according to the following protocol: 95uC for 10 minutes, then thermal cycling (20 cycles, each of 15 seconds at 95uC followed by 2 minutes at 60uC). Samples were diluted fourfold, mixed, centrifuged at 3500 rpm (5810 R; Eppendorf; Hauppauge, NY), and stored at 4uC or -20uC until further processing. Following preamplification, rigorous procedures were followed to prevent sample contamination, including the use of dedicated workspaces and pipettes for pre-and post-PCR reaction set-up, laminar flow hoods, and personal protective equipment.
Preparation of Reagents
Primer/probe concentrations of 900/200 nM were used in the TaqMan reactions to detect mutations in the PIK3CA, BRAF, NRAS, and AKT genes. Custom AS-PCR assays (Roche Molecular Systems) were used to detect mutations in KRAS and EGFR genes along with custom wild-type assays for both genes. A complete description of primers and probes for the TaqMan reactions is presented in table S2.
A commercially available EGFR Mutation Test (Roche Molecular Systems) was modified to achieve compatibility with the two-color BioMark readout (FAM and VIC) for detection of mutations in EGFR. Hexachlorofluorescein (HEX)-labeled probes were spiked into kit mastermixes to detect S768I and T790M in the VIC channel. Additionally, a custom fourth tube was designed to separately detect exon 20 insertion mutations using MMX3 from the RMS EGFR Mutation Test. The KRAS allele-specific assays utilized a research kit from Roche Molecular Systems.
Both TaqMan and AS-PCR assays were carried out using the AS1 qPCR master mix. Rox dye (final concentration 55 nM) for signal normalization and 20x gel electrophoresis sample loading buffer (Fluidigm Corp.) were added to the qPCR reactions.
Assays along with AS1 qPCR master mix were run in duplicate by loading 5 ml into each well of the primed 96.96 Fluidigm Chip. The diluted preamplified DNA samples were mixed with equal volumes of 2x DNA assay loading buffer (Fluidigm Corp.). The samples were run by loading 5 ml into each well on the chip. The Table 3 . Cross-Reactivity of AKT1, BRAF, PIK3CA, and NRAS Mutants. Data were analyzed and cycle threshold (C T ) values were determined using BioMark real-time PCR analysis software (Fluidigm Corp.), and automated mutation calling was carried out using an algorithm based on the change in C T (DC T ) values between wild-type and mutant or between control and mutant, for TaqMan and AS-PCR assays, respectively.
Six-Gene Mutation Panel
The use of MUT-MAP in this study allowed the screening of 71 mutations across the EGFR, KRAS, PIK3CA, NRAS, BRAF, and AKT1 genes. The mutation coverage of this panel is presented in tables 1 and 2. Validation of mutations detected in clinical samples was performed using commercial mutation detection assays (Qiagen DxS assays for PIK3CA, KRAS, and EGFR mutations), and in-house developed and validated TaqMan assays (for BRAF, NRAS, and AKT1).
Results
Plasmid Validation
A series of validation experiments was carried out to confirm the reproducibility and accuracy of the microfluidic assay panel. In order to validate the discrimination of closely related sequences by the mutation screening panel, a complete cross-reactivity analysis was conducted by screening every mutant plasmid target against every mutant-specific assay. The C T values were generated by the BioMark real-time PCR analysis software (Fluidigm Corp.) and plotted as shown in tables 3, 4, and 5. A C T value of 30.0 represents no reactivity, and is indicative of the absence of that allele from the sample. Deviations from this baseline represent assay reactivity, with a lower C T value indicative of increased reactivity. The C T values generated by mutant-specific assays on their corresponding mutant plasmid targets are highlighted in boxed cells (Tables 3, 4 , and 5).
The C T values and cross-reactivities obtained from the plasmid data were instrumental in generating an automated mutationcalling algorithm to detect the presence or absence of mutations in clinical samples for each of the six genes in the panel. Samples were re-run on multiple chips to validate both intra-and inter-chip reproducibility.
In general, all samples were correctly identified with high reproducibility and no confounding cross-reactivity. Where crossreactivity did occur, it was generally an easily discriminated partial reaction. For example, in the TaqMan assays, the cross-reactivity observed between alleles such as PIK3CA E545 wild-type and E542K can be attributed to cross-reactivity of probes with highly similar sequences. In the KRAS AS-PCR assays, cross-reactivity is likely due to sequence content at the 39 end of the primer sequences. The unidirectional nature of these cross-reactions made it easy to build an algorithm to classify mutation status.
Validation of Cell Line Samples
For cell lines and clinical samples, gene-specific custom algorithms were written, taking into account the control C T and the mutant C T values. Samples showing DC T ,6 were classified as positive for the specific mutation.
A series of 51 cell lines was screened to detect mutations across the six genes (Table 6 ). These mutation calls were compared with published characteristics of these cell lines, from the Catalogue of Somatic Mutations in Cancer (COSMIC) [21] .
Validation with FFPE Samples
The assay was further validated using clinical FFPE samples harboring known mutations in the genes of interest. A series of 33 FFPE tumor biopsy samples were analyzed by the six-gene mutation panel. Results were compared with data from traditional micro-well plate qPCR assays: mutations in EGFR, KRAS, and PIK3CA were confirmed using Qiagen DxS assays whereas mutations in BRAF, NRAS, and AKT1 were validated with custom in-house-validated TaqMan assays. Execution of the experiments was notably faster with the multiplex assay than with the traditional methods. The MUT-MAP system also required only 20-100 ng DNA compared with 0.5-1 mg DNA for traditional assays (Qiagen DxS assays) covering the same set of mutations.
A good correlation was observed between the experimental results and the traditional mutation detection assays (Table 7) . Where samples were available, all outputs were in agreement. The discrepant sample HP-45416 (lung) was not tested for the EGFR T790M mutation as the Qiagen DxS assays did not carry the T790M assay at the time of the study, and retesting is not possible due to lack of additional sample material.
Sample Input Titrations
In order to confirm the reproducibility and consistency of the methodology, sample input titrations were carried out. To define the effective DNA input concentration over which the assay could be considered accurate, and identify the wild-type and mutant C T values for each gene, DNA input was varied for plasmids, cell lines, and FFPE samples, with sample preamplification (Table 8 ). The C T values for both the mutant and wild-type show the expected response to input concentration over the titration range.
Platform Reproducibility Validation
The reproducibility of data from mutation detection assays was also evaluated by the comparison of duplicate experiments. The inter-and intra-chip variability in assay C T values was assessed as shown in figure 2 . A total of 5664 duplicate pairs were mapped on a scatter plot, and the Pearson correlation coefficient (R 2 ) was calculated. The R 2 values were found to be over 0.99 for FAM as well as VIC channels, indicating excellent inter-and intra-chip reproducibility of data generated by the assay. 
Discussion
The future of oncology biomarker detection can be delivered by many promising technologies, including multiplexed protein assays, and parallel next-generation genome sequencing [22, 23] . The limited maturity of many of these techniques, combined with their timescale and infrastructure demands, means that there is an unmet need for robust high-throughput biomarker detection methods in the clinical drug development setting.
Our validation has demonstrated that MUT-MAP offers a means of detecting a wide range of mutations in a panel of therapeutically relevant genes, enabling the detection of predictive and prognostic biomarkers from very small amounts of sample DNA. A crossreactivity analysis showed that this platform has the ability to reliably discriminate between closely related mutations. In addition, the ability of the assay to provide robust reproducible data has been validated in both cancer cell lines and FFPE biopsy samples using considerably smaller amounts of sample DNA than traditional assays. Such an approach enables the study of a wide range of oncogenic mutations in precious clinical samples with very little tissue available for analysis.
As mutations previously thought to be unique to particular tumor types have been shown to be present across a range of cancers (Sanger COSMIC database [24] ), the six-gene sample panel used here could be applied to multiple clinical and preclinical studies. The parallel detection of multiple mutations in a single sample also supports biomarker development for combination treatment regimens, where previous analyses would have taken place independently. Parallel analysis also removes the need for sample tracking over multiple assays, which arises with traditional screening methods. The process is further optimized for clinical research and clinical trials by the availability of commercial kit components, facilitating adaptation of this technique to select patients for experimental therapeutic regimens based on gene mutation biomarker combinations which are identified using the multiplex approach.
In addition to biomarker mapping in the clinical setting, MUT-MAP will enable the retrospective analysis of stored FFPE samples, allowing additional data to be obtained from previous studies and possibly identifying previously unknown biomarker associations. The AS-PCR component of the assay uses proprietary primer modifications and an enzyme screened for improved mismatch discrimination. This enables the high level of sensitivity demonstrated in our study and allows us to multiplex allele-specific assays. This sensitivity enables the accurate and reliable identification of mutation status in multiple genes, from poor-quality, low-mass, preserved clinical samples, thereby allowing the maximum amount of data to be obtained from each sample, and repeat experiments to be conducted from the same biopsy. This capability has exciting potential for the future study of low-yield exploratory biomarkers such as circulating tumor DNA [25] . This highly flexible platform can be used to detect mutations beyond the six genes included in this study; in addition, the precise quantification of each amplicon opens up the possibility of being able to detect copy number variations. Most significantly, however, the MUT-MAP assay can form the basis for the development of a platform to support efficient biomarker discovery and validation in support of detection and personalized healthcare. 
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